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ABSTRACT 
Phase change materials, pure or mixtures, by virtue of their thermodynamic properties have been used to store solar / 
thermal heat energy in solar cookers, solar heaters, latent heat solar/thermal energy storage devices, and in buildings 
to provide human thermal comfort. Large value of latent heat, reversible nature of phase transition, high thermal 
conductivity, good chemical and thermal stability, and desired operating temperature range are some of the required 
features of most phase change materials that can be used to store solar / thermal heat energy. Binary phase change 
materials (BPCMs) that seem to posses these properties are studied using a theoretical model where an expression 
for free energy is obtained and used to calculate various thermodynamic quantities. Latent heat, specific heat and 
enthalpy are calculated at various mixture compositions for two representative mixtures: eutectic and solid solution 
types. Unlike pure phase change materials, phase transformation in BPCMs occur over a finite temperature range 
and it is a two-step phenomenon in eutectic binary phase change materials - a step like change and gradual melting. 
This property of BPCMs could make them a potential candidate to store solar / thermal heat energy (in high density) 
in devices such as solar cookers, solar heaters, buildings, latent heat thermal energy storage systems etc. Further, this 
nature of phase transformation in BPCMs may also be used to minimize overheating - a problem in latent heat 
energy storage devices operating at temperatures [6]. 
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specific heat, solar heaters, solar cookers, lattice-model, phase-diagrams, latent heat energy storage 
devices, overheating, and thermal stability. 
 
1.  INTRODUCTION 
Depleting  non-renewable  energy  resources  and  rising  energy  demand  has  necessitated  the  development  of 
technologies that can reduce wastage of energy and harness the available solar / thermal heat energy efficiently. 
Apart from non-renewable resources, we have abundant solar energy- a fraction of which if conserved can solve 
many energy problems that we face today. Solar energy is being stored and used as solar heat energy in various 
devices (i.e. solar heaters, solar cookers etc. [3,4,14,19,20]). It is stored during the sunshine and used later during the 
day or night when there is no sunshine thus saving a large quantity of solar / thermal energy that would otherwise be 
produced by burning a large quantity of coal, gasoline or electricity.  Among various solar / thermal energy storage 
techniques (such as sensible heat energy storage, latent heat energy storage and chemical heat energy storage) latent 
heat energy storage technique [1,2,6,15,18] has been most efficient as heat energy stored is of high density and 
released energy can be used effectively at a constant temperature. High density thermal energy storage techniques 
have even been used to smoothen the daily fluctuations of power supplies in many parts of the world (especially the 
cold countries) where power supplies are erratic or cost of peak hour power supply is very high. Latent heat solar / 
thermal energy storage devices use phase change materials (PCMs) to store the energy and work on the principle of 
solar/ thermal energy utilization to minimize wastage of heat energy thus making them high quality thermal energy 
storage systems. 
The study of PCMs and their applications in civil engineering for thermal heat energy storage to maintain human 
thermal comfort in buildings has been an area of extensive research for past many decades [4, 25]. Construction of 
buildings with new architectural designs to trap maximum solar heat energy to maintain human thermal comfort 
during winters has been practiced for many centuries. As energy stored in these buildings was sensible only it 
required a large mass to store it to provide the same level of thermal comfort. With development of technologies and 
discovery of a new class of materials (phase change materials), it has been possible to store a large quantity of solar / 
thermal energy in buildings impregnated with PCMs. When concrete impregnated with PCMs is used in floors, roofs 
and masonry walls, it helps minimize temperature fluctuations in the buildings, increases energy storage capacity of 
the buildings, maintains indoor thermal comfort and reduces energy consumption. Apart from their use in buildings, IJRRAS 8 (2) ● August 2011  Sharan ● Binary Phase Change Materials and their Applications 
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sub-zero PCMs have been used in air-conditioning and refrigeration systems also and have provided uninterrupted 
cooling effects in buildings and refrigerating units [26, 27]. 
Substances  that  are  used  in  solar  /  thermal  energy  storage  devices  undergo  a  phase  change  (first  order  phase 
transition) by absorbing or releasing heat energy equivalent to the latent heat. Materials that undergo a phase change 
from solid to liquid during heat absorption  and liquid to solid during heat release are known as phase change 
materials  (PCMs).  Though  the  phase  change  occurs  at  a  constant  temperature  many  devices  operating  at  high 
temperatures face a problem of overheating (6,16,17) - a result of finite thermal conductivity of PCMs, rendering 
them thermally less stable. To minimize overheating, a temperature range beyond latent heat melting that can absorb 
substantial  quantity  of  heat  (generated)  and  keep  the  PCMs  temperature  in  stability  limits  is  needed. 
Thermodynamic properties of phase change materials that can help minimize this problem are discussed in this 
paper. 
Development of PCM - technologies and their applications in solar / thermal energy storage devices depend upon 
thermodynamic properties of phase change materials. High value of latent heat, reversible nature of phase transition 
(liquid to solid or solid to liquid), high thermal conductivity and good chemical stability in the operating temperature 
range are some of the required features of most PCMs. Nowadays, mixtures particularly binary mixtures [5,7,8,21-
25] are being used as phase change materials as they have certain advantages over the pure substances (PCMs). 
Desired operating temperature range and high value of latent heat - the most sought characteristics of PCMs can be 
obtained in mixtures by choosing appropriate mixture composition. Calculation of various thermodynamic quantities 
of BPCMs and identifying a mixture and its highest latent heat composition will require a detailed knowledge of free 
energy that can describe various phases of binary phase change materials. To achieve this, a systematic methodology 
using a lattice model is developed in this paper and calculations are presented for two representative binary phase 
change materials. 
 
2.   LATTICE-MODEL AND FREE ENERGY    
In a lattice model of binary mixture a fixed volume is divided into No identical cells each having volume vo, the cell 
being just big enough to contain one particle of either type (type-A or type-B). The cells are either fully occupied or 
empty, partial occupation of cells is not allowed. To describe the binary mixture, occupancy variables Pi
A and Pi
B,
 
such that Pi 
A(B) = 1 if cell is occupation by A(B) particle and zero otherwise are introduced. Considering only nearest 
neighbor interaction, the Hamiltonian H, of any configuration is written as 
H = - ∑ [JAA Pi
A Pj
A
  + JAB ( Pi
APj
B + Pi
BPj
A) + JBBPi
BPj
B ]- ∑ ( µAPi
A + μBPi
B) -------------------------2.A 
where, JAA, JBB and JAB represent the interaction strengths between particle pairs AA, BB and AB, respectively. To 
ensure  phase  transition  in  pure  A  and  pure  B  components,  both  JAA  and  JBB  are  taken  to  be  positive.  As  the 
description is in terms of a grand canonical ensemble, the last term in Eq.(2.A) accounts for chemical potentials µA 
and μB of the two species. The occupancy variables Pi
A and Pi
B can be written in terms of Ising variables as 
                                Pi
A = 
(𝜎?+1)𝜎?
2   and  Pi
B = 
(𝜎?−1)𝜎?
2 -----------------------------------------------------2.B 
where the Ising variable 𝜎? = +1(-1) corresponds to the occupation of the ith cell by particle A(B) and 𝜎? = 0 
corresponds to the cell being empty. Denoting the number of A(B) particles in the systems  by NA(B) and the total 
number of  particles by N, we can write 
                                 NA-NB = ∑ 𝜎? and  N = ∑𝜎?
2---------------------------------------------------------2.C 
By substituting the values of occupancy variables from eq. 2 .B, equation 2.A becomes 
                                         H = - ∑ [J𝜎?𝜎 ? + K 𝜎?
2𝜎 ?
2 + L𝜎?𝜎 ? (𝜎? + 𝜎 ?) ] - ∑[D𝜎?
2 + 𝜇𝜎?] 
where,                              J = ( JAA + JBB - 2JAB)/4 -------------------------------------------------------2.D1 
                                         K = (JAA + JBB + 2JAB)/4 ------------------------------------------------------2.D2 
                                         L = (JAA-JBB)/4 ------------------------------------------------------------------2.D3 
                                         D = (µA + μB)/2;    μ = (µA - μB)/2 -------------------------------------------2.D4 
The model Hamiltonian is solved using a standard mean field approximation for which following order parameters 
are used. 
                                    M = <𝜎? >,   Q = <𝜎?
2> -------------------------------------------------2.E 
where <> denotes ensemble average , M and Q correspond to the concentration difference between the two species 
and  the  average  particle  density,  respectively  .  We  shall  use  a  new  variable  M=  M  /Q  =  (NA-  NB)/(NA+NB) 
corresponding to the relative concentration difference (composition of mixture). The mean field free energy per 
particle at temperature T is given by 
Ω (T, D, μ) = 
𝑧
2 (KQ
2 + J M 
2 + 2LQ M) - kBT log [1+2e
β(zKQ+zL 
M +D) Cosh β(zJ M +zLQ+μ)] ---2.F 
where z is the coordination number of the lattice and β = (kBT)
-1. Self consistent equations in terms of M and Q are 
obtained by minimizing Ω. This free energy has been examined is some detail in a series of papers by Lajzerowicz 
and Sivardiere (10,11,12)  and by us (13) in various physical contexts. Depending upon values of T, μ and D, one IJRRAS 8 (2) ● August 2011  Sharan ● Binary Phase Change Materials and their Applications 
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can get single or multiple solutions for (M, Q). However, the thermodynamic potential Ω is not the most convenient 
one to be used for extracting information about various phase-diagrams in the temperature –concentration (T-M) 
plane at a fixed pressure. Since, our aim is to derive expressions for various thermodynamic quantities in T-M plane; 
we make use of Legendre transformation to obtain the appropriate thermodynamic potentials with desired set of 
independent variables. 
A thermodynamic potential g(T,Q, M) with T, Q and M as independent variables is defined using a Legendre-
transformation: 
                                   g(T, M,Q) = Ω (T, µ, D) + μ M + DQ--------------------------------------------2.G 
where D and μ can be expressed in terms of the equations 
                                     D = 
𝜕𝑔
𝜕?      and       μ = 
𝜕𝑔
𝜕?   -----------------------------------------------------2.H 
The expression for g, with M = M/Q is given by 
g(T, M, Q) = - 
  𝑧
2Q
2[J M
 2 + 2L M + K ] + kβT[(1-Q) log (1-Q)+ 
                                   
  1
2Q(1- M) log 
  1
2Q(1- M) + 
  1
2Q(1+ M) log 
  1
2Q(1+ M)]-----------------------------------2.I   
For a single phase situation to be thermodynamically stable g has to be a convex function. When this convexity is 
lost the system minimizes it’s free energy by decomposing into two coexisting homogeneous phases. Free energy g 
as a function of Q and M at three different temperatures for a representative binary phase change material (solid-
solution) is shown in figure 1. At high temperature, it is globally convex function indicating the existence of a single 
liquid phase situation (Fig.1(a)). 
 
 
 
0
0.2
0.4
0.6
0.8
1
-1
0
1
-0.8
-0.6
-0.4
-0.2
0
Q
(a)           Temperature = 0.01
M
F
r
e
e
 
e
n
e
r
g
y
0
0.5
1
-1
0
1
-1
-0.5
0
Q
(b)               Temperature = 0.15
M
F
r
e
e
 
e
n
e
r
g
yIJRRAS 8 (2) ● August 2011  Sharan ● Binary Phase Change Materials and their Applications 
 
 
 
150 
 
 
 
 
Fig.1 Free energy g as a function of density (Q) and composition (M) for a binary mixture with J/K =0.08 &          
L/K =0.01. 
 
As temperature is raised this global convexity is lost (Fig1.(b)) and system minimizes it’s free energy by splitting 
into two coexisting phases. When temperature is raised further the free energy becomes globally convex again and 
single phase situation reoccurs (Fig1.(c). This behavior is observed in  solid solution type  binary phase change 
materials with stable solid phase below the solidus curve and a stable liquid phase above the liquidus curve. The 
region between  liquidus and solidus  is  unstable and any composition in this  region  splits  into two co-existing 
homogeneous phases (liquid and solid). Free energy surface for eutectic binary phase change materials is more 
complex and two or more phase co-existence may occur at a single temperature. The free energy g is adequate for 
situations when the total volume of the system is controlled externally. But this is not possible when one phase is 
liquid and the other one is solid. In such cases thermodynamic quantities of binary mixtures (binary phase change 
materials) are calculated at a fixed pressure P and fixed composition of mixture M. This means that we need a free 
energy that has pressure as an independent variable. To achieve this we transform g into another free energy in 
which pressure is an independent variable. 
 For a fixed cell volume vo, the variable conjugate to pressure is No the total number of cells in the lattice.  
Therefore,                
                                              P = - 
𝜕?
𝜕?𝑜 ---------------------------------------------------------------------2.J 
where G = Nog. Equation 2.J can also be written as 
                                              P = - [g - DQ – μ M] -------------------------------------------------------2.K 
Under the given conditions, the thermodynamic potential F that we need is obtained by the following Legendre 
transformation.  
                       F (T, <N>, <NA - NB>, P) = G (T, <N>, <NA - NB>, NO)+ NOP ----------------------2.L 
 or                                  f = ( g + p) / Q = D+ μ M -------------------------------------------------------2.M 
where, f = F/<N>. From equation 2.J and 2.M the expressions for free energy and pressure can be written as 
f( T, M, P) = -ZQ ( J M
 2+2L M +K)+KBT [ log
Q
1−Q + 
1−M
2  log 
1−M
2  + 
1+M
2  log 
1+M
2 ] ----------------2.N 
and                            P = - 
1
2zQ
2 (J M
2+2L M +K) - KBT log (1-Q) ----------------------------------2.O 
Various phase diagrams at a given pressure in T-M plane can be obtained using equations 2.N and 2.O.  The free 
energy f is an explicit function of T, M and P. Thermodynamic properties of various binary phase change materials 
are now governed by the function f (T, M, P) which is obtained by combining the lowest branches of free energies in 
the whole range of M. If f (T, M, P) is a globally convex function, a single phase is stable at that temperature and 
pressure for any value of M. When a single phase is thermodynamically unstable it decomposes into two coexisting 
but distinct phases. The values of M for these two coexisting phases are found through the procedure of common 
tangent construction. By repeating this procedure at different temperatures fixed pressure phase diagrams in T-M 
plane are obtained.  Densities of solid and liquid phases that are in equilibrium vary with temperature and the 
variation is shown in Fig2.  
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Fig. 2:  Density as a function of temperature for the liquid and solid phases of a binary mixture. Broken lines 
correspond to density of meta-stable states of the two phases. Temperatures T1 and T2 indicate the beginning and the 
end of the solid phase melting. 
 
The expression for enthalpy can be obtained from F (Eq.2.L) by using the following thermodynamic equation. 
                   H(S, <N>, < NA - NB>,P = F(T, <N>, <NA-NB>, P) + TS---------------------------------2.P 
where, S = - 
𝜕?
𝜕𝑇 . The enthalpy per particle (h) is given by  
                                  h = - zQ (J M 
2 + 2L M +K)- 
𝐾𝗽𝑇
?  log (1- Q) ----------------------------------2.Q 
When single phase situation is thermodynamically unstable the enthalpy per particle can be written as                   
                                  h = r h1   +   ( 1 - r ) h2--------------------------------------------------------------2.R 
Where, h1 and h2 are the enthalpies per particle of the two coexisting phases that the system decomposes into and r is 
the relative fraction of particles in one phase and can be calculated by the following lever rule. Suppose (Q1 M1) and 
(Q2 M2) are the densities and compositions of two   coexisting phases. If the system is constrained to have an 
average density Q and an average composition M then the volume fraction (r) of the first phase will have to satisfy 
the following equations:    Q = r Q1 + (1-r) Q2 ----------------------------------------------------------2.S1 
                                          M = r M 1 + (1-r) M2 ---------------------------------------------------------2.S2 
The expression for specific heat of the binary system is given by 
                                                 Cp = 
𝑑ℎ
𝑑𝑇  -------------------------------------------------------------------2.T 
where, h is given by equation 2.Q. For a two phase situation h is given by equation 2.R. Latent heat per particle of 
the  system  can  be  calculated  either  by  measuring  the  magnitude  of  discontinuity  at  melting/crystallization 
temperature or by Clausius-Clapeyron equation. 
                                             L =
𝑚(?2−?1  ) 
?2?1  
  
𝑑?
𝑑𝑇 ------------------------------------------------------------2.U 
Where, m is the average mass of particles of either type and Q1 and Q2 are densities of the two coexisting phases.   
 
3.  DISCUSSION AND RESULTS 
Equations 2.N and 2.O are used to calculate compositions of various coexisting phases at different temperatures and 
by combining the points of coexisting phases, fixed pressure phase diagrams in T-M plane are obtained. By varying 
just two parameters (J/K & L/K) various phase diagrams of binary phase change materials are obtained at constant 
pressure.  A phase diagram for J/K=0.70 and L/K=0.05 is shown in Fig.3.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Constant pressure phase diagram of a eutectic binary mixture (J/K=0.70, L/K=0.05) in a temperature 
composition plane (T-M). IJRRAS 8 (2) ● August 2011  Sharan ● Binary Phase Change Materials and their Applications 
 
 
 
152 
 
This is a phase diagram of eutectic binary phase change material. The points indicated as Te and Me in the phase 
diagram  correspond  to  eutectic  temperature  and  eutectic  composition,  respectively.  The  eutectic  temperature  is 
always less than melting/crystallization temperature of either of the two species (Pure A or pure B). Mixture at 
eutectic composition transforms from a solid phase to a liquid phase like a first order phase transition in pure 
substances. Melting at intermediate compositions (except eutectic composition) occurs over a finite temperature 
range. Fig.4 shows the phase diagram of solid-solution type phase change materials corresponding to J/K=0.075 and 
L/K=0.10. The region between the two curves (liquidus and solidus) is unstable and any composition in this region 
splits into two coexisting phases. Phase above the liquidus is a homogeneous liquid solution and the one below the 
solidus is a stable solid- solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 Constant pressure phase diagram of solid-solution binary mixtures (J/K=0.075, L/K=0.10) in a temperature 
composition plane (T-M). 
 
The qualitative features of various thermodynamic quantities as a function of temperature and compositions for two 
representative binary mixtures: eutectic and solid-solution types are discussed below:  
 
ENTHALPY 
Enthalpy of a representative eutectic binary phase change material at various compositions is shown in figure 5(a). 
Step-like changes at eutectic and pure compositions (pure-A and pure-B) are similar and look like first-order phase-
transitions  in  solids,  liquids  or  gases.  At  intermediate  compositions  (except  eutectic  composition)  solid-liquid 
transformation is a two-step phenomenon: a step like change and the gradual-melting. The magnitude of step like 
change at intermediate compositions (except eutectic-composition) decreases as one moves away from the eutectic 
composition and it is minimum for pure-A and pure-B compositions. Change (decrease/increase) in the magnitude 
of  step-  like  melting  at  various  mixture  compositions  are  accompanied  with  a  corresponding  change 
(increase/decrease) in the gradual-melting range but the sum of two is not a constant. Enthalpy of solid and liquid 
phases at various mixture compositions varied slightly with temperature. Enthalpy of a solid-solution type binary 
phase change material (J/K=0.075, L/K=0.10) at various mixture compositions is shown in Fig. 5(b). Here, it is 
worth mentioning that there is no step-like change at intermediate compositions (as observed in eutectic binary 
mixtures) and the entire solid-phase melts gradually as temperature is raised. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 (a) Enthalpy as a function of temperature for a eutectic binary mixture (J/K=0.70, L/K=0.05) at various 
mixture compositions. (b) Enthalpy as a function of temperature for a solid-solution binary mixture (J/K=0.075, 
L/K=0.10) at various mixture compositions. IJRRAS 8 (2) ● August 2011  Sharan ● Binary Phase Change Materials and their Applications 
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SPECIFIC HEAT 
Specific heat of a eutectic binary phase change materials (J/K=0.70, L/K= 0.05) at various mixture compositions is 
shown in Fig.6. Solid-liquid transformation at pure or eutectic composition is described by a single inverted peak 
(endotherm) and the entire solid phase at these compositions melts at a constant temperature (latent heat absorption). 
At intermediate compositions (except eutectic composition), there are two endotherms and as we move away from 
the eutectic composition their sizes change- one decreases and the other increases and only one survives at pure 
compositions  (pure-A  or  pure-B).  Specific  heat  of  a  solid-solution  binary  phase  change  material  (J/K=0.075, 
L/K=0.10) is shown in Fig.7. The calculated specific heat is qualitatively similar to the experimentally observed 
values of DTA and DSC studies on binary mixtures [5,7,8,9,21-24] thus making this model approach applicable to 
realistic systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6  Specific heat of eutectic binary mixtures (J/K=0.70, L/K=.05) at various mixture compositions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7  Specific heat of a solid-solution binary mixtures (J/K=0.075, L/K=0.10) at various mixture compositions. 
 
LATENT HEAT 
Latent heat of eutectic binary phase change materials at eutectic temperature is shown in Fig.8 (a). It is maximum at 
eutectic composition and decrease towards either side of the eutectic composition being minimum at pure–A and 
pure-B compositions. Latent heat of complete melting for the eutectic type binary phase change material (J/K=0.70, 
L/K=0.05)  is  shown  in  Fig.  8(b).  It  increases  from  pure-A  composition  to  pure-B  composition  and  difference 
between the two values depends upon parameter L. For L=0, this difference is zero and it increases as L is increased. 
Latent heat of a solid solution type binary phase change materials (J/K=0.075, L/K=0.10) is shown in Fig.9. The 
variations of latent heats (Fig.8 & Fig. 9) with composition are not perfectly linear as they appear in the figures. 
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Fig.9Total heat of melting of a solid-solution binary mixtures (J/K=0.075, L/K=0.10) as a function of mixture 
compositions. 
Solid  at  pure  or  eutectic  composition  melts  at  a  constant  temperature  (step-like  change)  whereas,  melting  at 
intermediate compositions (except eutectic composition) occurs over a finite temperature range and it is a common 
feature of all binary phase change materials.  The step-like melting is a result of first order thermodynamic change 
whereas gradual melting occurs due to a change (as temperature is raised) in composition and phase fractions of the 
coexisting phases. Heat absorption in gradual melting range could be viewed as latent and sensible in nature and it 
can absorb substantial quantity of excess thermal heat energy and keep the device temperature within the stability 
limits. So, binary phase change materials by virtue of their thermo-physical properties could become promising 
materials to be used in solar / thermal energy storage devices to store solar / thermal energy. 
 
4.  CONCLUSIONS  
Various thermodynamic quantities of binary phase change materials are calculated and results are presented for two 
representative mixtures: eutectic and solid solution types. Qualitative features of enthalpy, specific heat and latent 
heat are discussed in the context of phase change materials and their applications in latent heat solar / thermal energy 
storage devices (i.e. solar cookers, solar heaters, latent heat solar/thermal energy storage devices, buildings etc.). 
Unlike conventional PCMs binary phase change materials posses certain qualities that can be used in solar / thermal 
energy storage devices. Desired values of latent heat and operating temperature range can be obtained by choosing a 
mixture of suitable composition and these values can be modified by changing the mixture composition to suit to a 
particular  application.  So,  from  an  application  point  of  view,  BPCMs  could  prove  to  be  a  class  of  promising 
materials that can be used to store solar / thermal heat energy in high density in any operating temperature range 
thus making them high quality solar / thermal materials.  Eutectic binary phase change materials (EBPCM) may also 
be used to control overheating - a problem in many latent heat thermal energy storage devices, operating at high 
temperatures. 
 
Fig. 8(a) Latent heat of a eutectic binary mixture 
(J/K=0.70, L/K=0.05) at eutectic temperature. 
8(b)  Latent heat of total melting for the eutectic 
binary mixture (J/K=0.70, L/K=0.05). 
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